We analyze the coupling between the fundamental vector modal fields of two parallel polarization-maintaining fibers. An improved coupled-mode theory is employed, which also applies to anisotropic materials. Results for the array-mode-propagation constants are presented as a function of the relative tilt angle between the principal axes of the two fibers.
Many fiber-optic systems require tight control on the polarization state of the propagating light, implying the use of polarization-maintaining (PM) fibers. Allfiber PM couplers and polarization splitters are of considerable importance for such systems. 1 -4 In these devices two parallel single-transverse-mode PM fibers exchange power because of the overlap of their individual modal fields. Fused PM couplers that exhibit polarization isolation as great as 20 dB have been demonstrated, 1 whereas isolations of greater than 40 dB were measured in the polished-type couplers. 2 A better understanding of the effects that the coupler's parameters have on its overall performance may facilitate further improvement of these devices. The theory used so far to describe PM couplers is based on perturbation techniques that are applied to weakly guiding fibers. 5 It assumes for simplicity an identical spatial behavior of the two lowest-order orthogonally polarized modes of each of the two isolated fibers, and the coupling mechanism is lumped into a single parameter. While these assumptions are justified for weakly guiding, weakly coupled nearly isotropic fibers, this may not be the case when the fibers are more strongly guiding and/or the refractive-index anisotropy is no longer small. In such a case higherorder perturbation terms may be required or, alternatively, another theoretical approach should be used. Recently a coupled-mode theory was introduced that gives accurate results when applied to either lossy or nonlossy isotropic, single-mode parallel waveguides. 6 This theory was later extended to include multimode coupling in anisotropic waveguides. 7 The theory is most general in the sense that it is applicable to multimode, multiwaveguide systems of arbitrary shape and any index distribution, including loss or gain. Our goal in the present work is to apply this coupled-mode theory to directional couplers composed of two identical, albeit anisotropic, weakly guiding fibers and to calculate the array-mode-propagation constants.
Consider the fiber coupler as depicted in Fig. 1 . The two weakly guiding anisotropic fiber cores are embedded in isotropic cladding material. For simplicity, it is assumed that at each point (x, y), one of the three principal axes of the dielectric tensor points along the longitudinal z axes of the two parallel waveguides. As shown in Fig. 1 The fibers' parameters are such that each core supports the two lowest-order, orthogonally polarized modes. Thus the transverse components of the total electromagnetic field [E(x, y, z), H(x, y, z)] may be approximated as
with a similar expression for Ht(x, y, z). Here Etm (P) are the transverse vector fields of the lowest-order 
where
the coupling matrix M is given by
constants fl and 132 separate, i.e., N1 -12 = 2 K, where K is the coupling coefficient. Let us now introduce some weak anisotropy into each of the two fiber cores such that INx -yl << 2 K, where Nlx and fly are the propagation constants of the two orthogonally polarized modes of each of the two fibers in isolation. Consequently the eigenvalues NB and 12 split again, and one obtains four propagation constants that satisfy a, -a2 t03 -04 (4 N4x-Nyl and a-a 3 Fig. 2(a) ]. As the other extreme situation consider two identical anisotropic and uncoupled fibers, having mutually aligned principal axes so that each fiber supports two orthogonally polarized modes with eigenvalues Nx and gy. If we slowly turn on the coupling between the two fibers subject to 2 K << Nx -Nyl, the interaction will lift 7 .005 in the principal axes, and the fiber separation is 7 Am center to center. 
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where X stands for the elements of either P or K, which are defined in Ref. 7 . The eigenvectors of M are the system modes in terms of the coefficients Um(P)(z) of Eq. (1), whereas the eigenvalues aj, j = 1, . . ., 4 are their propagation constants, satisfying det(M-ol) = 0. (5) Consider now two extreme situations. First, imagine two identical isotropic weakly coupled fibers. Because of the coupling, the two system propagation Fig. 3 except that their separation is 9 gm center to center. -(3 N lx-Nyl; a2 -4 -lx -Nyl. This situation is illustrated schematically in Fig. 2 (b) . In either case, as one of the fibers is rotated, the eigenvalues vary periodically. At a = 7r/2, 37r/2, a, and 02 (as well as (73 and (74) become degenerate since Ox in one fiber couples to Oy in the second fiber and vice versa.
We note that for very weakly coupled, nearly isotropic fibers, such that P -I, Knm Equation (6) is identical to the expression given in Ref. 5 for the four array-mode-propagation constants.
However, this expression holds only under the above limiting assumptions, and in order to obtain more accurate results one should resort to Eq. (5). One notes from Eq. (6) that for a = 0 and lox -yl N _ 2 K the eigenvalues satisfy a, -U2 = (3 -(4 = lNx -Nyl and a, -(3 = 02 -(4 = 2 K, in agreement with the qualitative description of Fig. 2(a) . On the other hand, for loxyl 2K we find from Eq. (6) that a,7-02 = 3 -o4 = 2K We examined numerically the cases of two identical anisotropic round fibers having a core diameter of 6 Am and separated by either 7 or 9 Am center to center. The free-space wavelength is X = 1.3 ,im, and the cladding isotropic index of refraction is 1.447. The core refractive indices in the principal axes are 1.451 (along x in fiber a) and 1.452 (along y in fiber a) for one pair of fibers and 1.453 and 1.456 for the respective directions in another pair of fibers. We note that in either case the anisotropy is very weak. However, our formulation is applicable to stronger material anisotropy as well. In Figs. 3-5 we show the exact numerical solution of Eq. (5). The fiber parameters are indicated in the figure captions. For the case described in Fig. 3 Fig. 2(b) .
We find for a = 0 that a, -a2 = 11.7 cm-1 and a3 -a4 = 18.3 cm- 1 . We note that a -a2 -2 Ky and a3 -a4 2 KX, thus generally agreeing with Fig. 2(b) but not with Eq. (6) . Also, we find that r1-a3 = 110 cm 1 and o2-a4 = 116 cm-1 , quite close to lx -NYI, as expected.
In conclusion, we have applied an improved version of coupled-mode theory to the case of two parallel, identical, weakly guiding anisotropic fiber cores embedded in a common isotropic cladding material. We have calculated the array-mode-propagation constants and their variation with the relative tilt angle between the two fiber principal axes, demonstrating a twofold degeneracy of the propagation constants at a 90° tilt angle. The calculations can easily be applied to some more general situations, e.g., two nonidentical fibers or noncircular fiber cores and strongly guiding fibers with any material anisotropy, and for moderately strong fiber coupling as well.
